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One Sentence Summary: Spin liquid state in a triangular antiferromagnet. 
Abstract:  
The triangular antiferromagnet YbMgGaO4 has emerged as a candidate for hosting quantum spin 
liquid state, an exotic state of matter featuring a high degree of entanglement and often 
characterized as without magnetic ordering in the zero-temperature limit.  However, the nature of 
the ground state in this system has been the subject of ardent debates, as recent work has shown 
that chemical disorder may contribute to quantum spin liquid-like features.  Here we report a field-
induced phase transition observed via diffuse neutron scattering and magnetic susceptibility 
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measurements. Comparisons to Monte Carlo simulations, using semi-classical spins and disorder, 
and Density Matrix Renormalization Group for the zero-temperature limit, reveal crucial 
information about the ground state and the roles that thermal fluctuations and chemical disorder 
play in the observed behavior.    
Main text:  
In the past few years the frustrated triangular antiferromagnet YbMgGaO4 (Fig. S1) has been 
scrutinized as a possible host to the quantum spin liquid (QSL) state. While QSLs appear in many 
forms, a positive definition of QSLs is nearly as elusive as real-world examples (1). QSLs are 
usually identified by the absence of long-range order in the zero-temperature limit, and an 
exceptionally high degree of long-range entanglement (2). Thus, proving the existence of the QSL 
state is an exceptional experimental challenge, and to this date only few promising candidates are 
known (2). To that end, identifying probes to effectively examine the ground state of the QSL 
candidates is of utmost importance. Here we demonstrate that magnetic field can be utilized as an 
effective probe to shed light on the nature of ground states in QSL candidates.  Furthermore, we 
discover the critical role of thermal fluctuations in this highly frustrated system, which are found 
to work alongside quenched disorder to create the observed spin liquid features. 
Strong spin-orbit coupling and an odd number of electrons per unit cell have been identified as 
features conducive to exotic ground states (2, 3), bolstering YbMgGaO4’s QSL candidacy.  
Consequently, a multitude of theoretical studies (3-12) and experimental techniques have sought 
to probe the phase diagram and elucidate the nature of the ground state (13-22). Recently, the 
effects of quenched disorder due to site-mixing between non-magnetic Mg2+ and Ga3+ have come 
under scrutiny (5, 10, 16, 19, 20). Inelastic neutron scattering measurements have suggested that 
crystalline electric field (CEF) levels are broadened by a distribution of ytterbium-oxygen bond 
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distances due to the Mg2+/Ga3+ site mixing, leading to a distribution of effective spin-half 𝑔-factors 
and explaining the broadened low-energy magnetic excitations in the polarized state (16). Recent 
theoretical work suggests that, barring disorder in the charge environment from Mg2+/Ga3+ site 
mixing, YbMgGaO4 should have a collinear/stripe ground state (5). Furthermore, other 
calculations have suggested that the system should exhibit either a striped or 120° ordered state 
(10). 
A missing piece of the puzzle of YbMgGaO4’s low temperature behavior is the detailed study of 
its behavior in applied magnetic field.  Anisotropy in magnetic interactions, field dependence, and 
the temperature dependence of magnetic features can provide invaluable information about the 
phase diagram of quantum magnetic materials.  To that end, we measured static and dynamic 
properties of high-quality, single crystalline YbMgGaO4 using the ultra-sensitive tunnel diode 
oscillation technique (TDO) (24), cantilever torque magnetometry, and diffuse neutron scattering.  
All three approaches provide evidence of a field-induced phase transition in YbMgGaO4, 
providing critical insight into its magnetic ground state. We compare our results to complementary 
Monte Carlo (MC) and Density Matrix Renormalization Group (DMRG) calculations that further 
show the critical roles of disordered exchange interactions and 𝑔-factors, but also of thermal 
fluctuations, in producing the observed features. 
The YbMgGaO4 single crystal (Fig. S2) was grown using the optical floating zone technique. 
Rietveld refinement of powder X-ray diffraction measurements confirmed the pure phase (Fig. 
S3A), while Laue X-ray measurements (Fig. S3B) and neutron diffraction confirmed that the 
crystal was high-quality and single-grain. The magnetization and susceptibility results collected at 
temperatures down to T = 1.8 K (Fig. S4) were consistent with earlier reported results (15, 17, 21).   
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We performed ultra-high resolution magnetic susceptibility measurement on YbMgGaO4 using 
TDO technique (Fig. S5A) up to fields exceeding saturation at temperatures down to 350 mK (Fig. 
1).  Comparison to cantilever torque magnetometry results (Fig. S5B) confirms the appearance of 
an anomaly near 2 T (Fig. 2C). The anomaly weakens with increasing temperature, vanishing near 
4 K (Fig. 1A).  The greater prominence of the feature in both techniques with applied field 
perpendicular (versus parallel) to the c axis (Fig. 1B) is consistent with easy-plane anisotropy 
found in earlier experiments (15, 21, 25).  The anomaly is likely a remnant of the quantum 
mechanical 1/3 magnetization plateau, as will be discussed below. 
To gain insight into the magnetic structure of the anomaly detected in the above measurements, 
and to explore its field dependence, we conducted diffuse neutron scattering with the c axis parallel 
to the field (Fig. 2A).  We subtracted 20 K (background) signal from 130 mK data for integer fields 
from 0 to 5 T, isolating the magnetic contributions. To improve statistics and exploit 6-fold 
symmetry, we averaged intensity upon rotating in 60-degree steps about the l-axis (see 
Supplementary Materials for details, Fig. S6). After normalizing and accounting for a temperature 
scaling factor, integration over -0.5 < l < 0.5 in reciprocal space for zero field shows diffuse 
magnetic scattering at high-symmetry M points, indicative of short-range correlations and 
consistent with previous neutron measurements (15, 17, 25).  With increasing field, the spectral 
weight shifts toward the K points – at H = 1 T the spectral weight is comparatively flat along the 
zone edge, while at H = 2 T the diffuse spectral weight is centered on the K points, likely 
corresponding to the feature in our magnetic susceptibility data (Fig. 1).  When field is further 
increased, the scattering intensity at K points diminishes as the system approaches saturation.  
Integration of the spectral weight in a rectangular volume along the first Brillouin Zone (BZ) edge 
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shows the shift in spectral weight from the M to K points and the reduction in intensity with 
increasing field (Fig. 2C). 
Here we use a semi-classical approach to demonstrate that the lack of magnetic Bragg peaks and 
the broad continuum of magnetic excitations can be attributed to thermal fluctuations as well as 
chemical disorder. Main aspects of the observed phenomenology can be reproduced (Figs. 2B, 2D) 
with a classical spin model that reproduces the observed magnon dispersion above the saturation 
field (Fig. S7) and has long range magnetic ordering at T = 0 (Fig. S8). Moreover, we show that 
the reported disorder in the 𝑔-factor and in the exchange interactions (16) further contributes to 
the observed zero field broadening of the magnetic excitations (Fig. S7), raising doubts about the 
quantum versus classical nature of the observed spin liquid state in YbMgGaO4. 
We consider a classical limit of the spin Hamiltonian proposed in previous works (22): 
𝐻 =	 [	𝐽''𝑆)'𝑆*' + 𝐽± 𝑆)-𝑆*. + 𝑆).𝑆*-)* + 𝐽±± 𝛾)*𝑆)-𝑆*- + 𝛾)*∗ 𝑆).𝑆*.  
+ 𝑖	𝐽'±2 𝛾)*∗ 𝑆)-𝑆*' − 𝛾)*𝑆).𝑆*' + 𝑖 ↔ 𝑗 ] + 𝐽7'𝑆)'𝑆*' + 𝐽7± 𝑆)-𝑆*. + 𝑆).𝑆*-)*  
−	 𝑔8 𝐻9𝑆)9 + 𝐻:𝑆): + 𝑔||𝐻'𝑆)')                                                                           (1) 
where the phase factor 𝛾)* = 1, 𝑒)7?/A	and	𝑒.)7?/A, for each of the three principal directions of the 
triangular lattice. Thus, the interaction tensor of the classical Hamiltonian can be written as, 
𝐽)* = 	 2𝐽± + 2𝐽±±𝑐𝑜𝑠 𝛾)* + 2𝐽7± −2𝐽±±𝑠𝑖𝑛 𝛾)* −𝐽'±𝑠𝑖𝑛 𝛾)*−2𝐽±±𝑠𝑖𝑛 𝛾)* 2𝐽± − 2𝐽±±𝑐𝑜𝑠 𝛾)* + 2𝐽7± 𝐽'±𝑐𝑜𝑠 𝛾)*−𝐽'±𝑠𝑖𝑛 𝛾)* 𝐽'±𝑐𝑜𝑠 𝛾)* 𝐽'' + 2𝐽7'  
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We consider a set of Hamiltonian parameters, 𝐽± = 0.66	𝐽'', 𝐽±± = 0,  𝐽'± = 0.13	𝐽'', 𝐽7' =0.1	𝐽'', 	𝐽7± = 0.066	𝐽'' and 𝐽'' = 0.164 meV, that reproduce the phenomenology. For the 
average 𝑔-factors, we use 𝑔8 = 3.06 and 𝑔|| = 3.72 (25). As we discuss below, the disorder 
present in YbMgGaO4 introduces a significant variation in the value of these Hamiltonian 
parameters. We introduce quenched disorder in the exchange interactions (𝐽-disorder) and in the 𝑔-factors (𝑔-disorder). We assume that both have a uniform distribution of predefined width 
around the aforementioned mean values, 𝑔8 ) = 	 𝑔8 LM + ∆) 𝜎PQ , 𝑔|| ) = 	 𝑔|| LM +∆) 𝜎P|| ,	and 	𝐽)* = 	 𝐽LM 1 + ∆)* 𝜎R , where 𝜎PQ = 0.3, 𝜎P|| = 1.2	and	𝜎R = 0.5. 
The static magnetic structure factor 𝑆 𝑸  is calculated by a standard Metropolis sampling 
algorithm while the dynamical structure factor 𝑆(𝑸,𝜔) is computed by Landau-Lifshitz dynamics 
(27). Both types of structure factors shown throughout this paper are calculated by averaging over 
60 independent sets of 2000 configuration samples from a standard Metropolis sampling algorithm 
on a 48×48 supercell (2304 spins), followed by a slow annealing process starting from a random 
disordered spin configuration.  
To account for the effects of quantum fluctuations, we have computed the 𝑀 𝐻  curve with the 
DMRG method on the 𝑆 = 1/2 version of H (without disorder), for field directions parallel to the 𝑐-axis and to the 𝑎𝑏-plane. The resulting 𝑀 𝐻 	curve exhibits a characteristic plateau at 1/3 of the 
saturation value (27, 28), which is bigger for	𝐻 ⊥ 𝑐 because of the easy-plane anisotropy (Fig. 3). 
This plateau phase is a true quantum mechanical signature: quantum fluctuations favor collinear 
configurations. The effect of quantum fluctuations can then be reproduced by adding an effective 
bi-quadratic interaction to the classical Hamiltonian (29, 30), 
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𝐻\ = 𝐻 − 𝜆\ 𝑆). 𝑆* 7)* − 𝜆7 𝑆). 𝑆* 7)* ^ , 
where H is the classical spin Hamiltonian given in Eq. (1) and 𝜆\ = 0.3𝐽± and 𝜆7 = 0.03	𝐽± are 
effective bi-quadratic couplings for next and second nearest-neighbor spins, respectively. The 
values of  𝜆\ and 𝜆7 have been obtained by comparing the 𝑀 𝐻 	curve obtained with DMRG for 
the 𝑆 = 1/2	version of H and the 𝑀 𝐻  curve obtained from a classical MC simulation of 𝐻\.  
To compare the calculations and TDO magnetic susceptibility results, we subtract T = 4 K 
measurement as background from the T = 0.35 K data, then integrating with respect to applied 
field yield a curve proportional to magnetization (Fig. 4). The extracted magnetization curve shows 
a distinct non-linearity that can be seen in the low-temperature calculation result, which is 
performed in the absence of site disorder. These results suggest that the absence of the feature in 𝑀 𝐻 	curves noted in earlier work (15, 17, 21), is due to thermal fluctuations (since these were 
measured from 1.7 K to 2 K), though we note the 0.5 K curve in (20) corroborates our results.  It 
seems lower temperature and more sensitive techniques are required to observe the anomaly 
clearly.  Crucially, comparison of calculated 𝑆 𝑸  in the absence of disorder at T = 0 (Fig. S8) to 
T  = 130 mK (Fig. S9) shows that small temperatures are enough to disrupt long-range order, owing 
to the high degree of frustration.  These effects are likely enhanced by quenched disorder, which 
is essential to reproduce the broadening of the magnon peaks (Fig. S7) at H = 7.8 T as also observed 
in experiment (15).  
In summary, our work suggests that the spin liquid signatures observed in YbMgGaO4 can arise 
from high frustration working in concert with thermal fluctuations even at very low temperatures, 
and that these effects are likely enhanced by the inherent quenched disorder of the system. Field 
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induced phase transitions were proven as an effective probe in unveiling the true nature of the 
ground state in YbMgGaO4. 
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Fig. 1. TDO frequency and cantilever torque response versus applied field. (A) TDO (𝛥𝑓/𝑓	 ∝	𝛥𝑀/𝛥𝐻) shows an anomaly for 𝐻 ⊥ 𝑐 axis which weakens as temperature increases (curves offset 
for clarity in (A), (B)). (B) Anomaly’s response to applied field shows anisotropy.  (C) Normalized 
cantilever response divided by 𝐻 (See Materials and Methods in Supplementary Materials), 
confirms the anomaly measured with TDO.  
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Fig. 2. Diffuse neutron scattering from magnetic structure for a series of fields with 𝑯||𝒄. (A) 
Color maps of Brillouin zone integrated (-0.5 < l < 0.5).  As field increases, spectral weight shifts 
from M points to K points, then Γ points, in agreement with (B) calculated S(Q) with 𝜎PQ =
	 16	
0.3, 𝜎P|| = 1.2,	and	𝜎R = 0.5  at 130 mK.  (C) Integrated neutron scattering intensity (-0.5 < l < 
0.5) along (ℎ, ℎ, 0) direction. (D) Calculated S(Q) along (ℎ, ℎ, 0). 
	
	
	
	
 
 
Fig. 3. Magnetization curves obtained with Monte Carlo sampling and DMRG.  Comparison 
of magnetization from DMRG calculations (red) versus classical simulations with bi-quadratic 
interaction (𝜆\ = 0.3, 𝜆7 = 0.03) when (A) 𝐻 ⊥ 𝑐 and (B) 𝐻	||	𝑐.  Addition of bi-quadratic terms 
mimics quantum mechanical plateau for applied field perpendicular to sample 𝑐 axis. 
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Fig. 4. Calculated magnetization curves and background-subtracted integrated TDO 
measurement for 𝑯 ⊥ 𝒄. (A) Classical Monte Carlo simulation of magnetization (featuring bi-
quadratic terms but no disorder) at T = 0.1 K.  Dashed line highlights non-linearity. (B) Derivative 
with respect to applied field of classical Monte Carlo simulation in (A). (C)  Integration of 4 K 
background-subtracted TDO frequency at T = 0.35 K.  Non-linearity broadened and suppressed by 
disorder. (D) TDO response frequency at T = 0.35 K with 4 K data subtracted as background. 
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Materials and Methods 
Sample Synthesis and Preliminary Characterization 
Powder of YbMgGaO4 (structure shown in Fig. S1) was produced by finely grinding mixed 
powders of Yb2O3, MgO, and Ga2O3, and reacting at 1150° C in a box furnace.  The product 
was ground again to a fine powder, compressed hydrostatically into a rod, and then sintered 
at 1500° C in a vertical Bridgman furnace.  Finally, large single-crystals of YbMgGaO4 
were grown using the optical floating zone method (Fig. S2).  A typical crystal was grown 
in an O2 atmosphere at 1 MPa, with an initial growth speed of 20 mm/hr, and upon 
stabilization of the liquid zone,	~ 4 mm/hr until finished.   
We confirmed the powder and crystal phase at each step of the synthesis using ground 
powders and the Panalytical X’Pert PRO X-ray diffraction system (using Cu K-α 1.5418 
nm X-rays) and Rietveld refinement via FULLPROF (31).  Single-crystal quality and 
alignment was determined using Laue X-ray diffraction (Fig. S3B).  Preliminary 
susceptibility measurements were carried out on a powder sample using a Quantum Design 
MPMS SQUID magnetometer down to 1.8 K, and confirmed previous measurements of 
the Curie-Weiss temperature Θ	 ≈	-4 K.   
High-Sensitivity Magneto-Transport Measurements 
High-sensitivity measurements of magnetic susceptibility were achieved with the 
complimentary tunnel diode oscillator (TDO) technique and torque magnetometry. In a 
TDO measurement, a tunnel diode is biased to operate in the “negative resistance” region 
of the IV-curve. This provides power that maintains the resonance of a LC-circuit at a 
frequency range between 10 and 50 MHz. An approximately cylindrical single crystal 
sample with dimensions of ~2 mm in length and ~1 mm in diameter was placed inside a 
detection coil, with the 𝑐 axis of the sample aligned with the coil axis (Fig. S5A). Together, 
they form the inductive component of the LC-circuit. Changes in sample magnetization 
induce a change in the inductance, hence a shift in the resonance frequency. Highly 
sensitive measurements in changes of magnetic moments ~ 10-12 e.m.u., therefore, are 
enabled by the ability of measuring the resonance frequency to a high precision (32). 
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Torque magnetometry (Fig. S5B) is another valuable tool to probe magnetically anisotropic 
materials. Here, commercial piezoresistive cantilevers (produced by Seiko and SCL-
Sensor Tech) (33) were used, where a piezoresistive element at the base of the cantilever 
senses the deflection of the arm, induced by the magnetic torque of the 30 x 70 x 70 µm3 
crystal at the other end of the 300-400 µm long cantilever arm. A second piezoresistive 
element on the same cantilever assembly, not attached to any sample, provides a zero-
torque reference. These two piezoresistive elements along with two potentiometers at room 
temperature are used to build a Wheatstone bridge, which is balanced to provide a null 
signal at zero magnetic field. At finite field, the sample experiences a magnetic torque, 
which results in a finite voltage across the bridge. The susceptibility anisotropy is in 
proportion to the measured voltage response of the bridge divided by the applied magnetic 
field.  
Using cantilever torque magnetometry to measure directly the sample magnetization is 
extremely challenging due to the requirements of extremely small sample size and precise 
calibration of the cantilever.  However, the measurement provides a straight-forward way 
of corrobating features observed in TDO mesurements.  In Fig. 1C of the main text, we 
plot the normalized cantilever response divided by H, where the responses are normalized 
according to their saturation field, determined by the condition that the second derivative 
of the response is close to zero (less than 1.25 µV, where the curve is essentially flat). This 
accounts for the differing response of the cantilever arm as it is rotated with respect to field 
(both measurements are of the same sample, so mass may be neglected).  Dividing by H 
yields a quantity directly proportional to the anisotropy of magnetic response as seen from 𝜏	 = 	𝑀	×	𝐻. 
Neutron Scattering 
Neutron scattering data was collected at the CORELLI spectrometer at Spallation Neutron 
Source, Oak Ridge National Laboratory (34). CORELLI is a quasi-Laue time-of-flight 
instrument equipped with a large 2D detector, with a -20° to +150° in-plane coverage and +/−28.5° out-of-plane coverage. The incident neutron energy was between 10 meV and 
200 meV. A superconducting magnet was used to provide a vertical magnetic field up to 5 
T, which reduced the effective out-of-plane coverage to ±	8°. An 896.10 mg single crystal 
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was mounted on a Cu plate in a dilution refrigerator. The sample was aligned with the (h, 
h, l) plane horizontal and the magnetic field along the [1 -1 0] direction. Neutron-absorbing 
Cd was used to shield the sample holder to reduce the background scattering. Experiments 
were conducted with applied fields at the base temperature 130 mK by rotating the crystal 
through 180° in 3° steps, and then at 20 K in the same fields for background subtraction. 
The data were reduced using Mantid for the Lorentz and spectrum corrections (35).   
To account for the temperature factor in our background subtraction in total-scattering 
mode, we compared the ratio of integrated intensities of a small background region in 
reciprocal space at 5 T for both temperatures.  The region was bounded by -0.9 < h < -0.75,  
0.75 < k < 1.1, and -0.5 < l < 0.5; the l range is consistent with our Brillouin Zone (BZ) 
edge and planar integrations.  We used the second BZ and 5 T data to avoid skewing the 
integration at low temperature due to diffuse magnetic scattering.  This integration 
approximates the ratio of Bose population factors - our scaling factor was 1.133±0.005. 
To improve statistics, we used the 6-fold symmetry (in accordance to the crystallographic 
symmetry of the sample) to add our data 6 times at subsequent 60° angles and average.  All 
analysis and visualization were performed using Mantid and Python. The background 
subtracted data before symmetry operations is shown in Fig. S6, and after symmetry 
operations (with higher statistics) is shown in Fig. 2 of the main text. 
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Fig. S1. Structure of YbMgGaO4. (A) View of 𝑎𝑏 plane of magnetic Yb3+ ions (teal) with 
coordination by oxygen (red) on a triangular lattice.  (B) View of YbMgGaO4 structure 
perpendicular to 𝑐 axis.  Mixed yellow and green spheres indicate sites of split occupancy 
of Mg2+ and Ga3+, separating the planes of magnetic Yb3+ ions.   
 
 
 
 
 
 
 
 
 
Fig. S2. Single crystal sample.  A large single crystal of YbMgGaO4 grown using the 
floating zone method – sample mass is approximately 0.9 g. 
 
 
6 
 
  
 
Fig. S3. Xray Diffraction Results. (A) Rietfeld analysis of powder X-ray diffraction data 
confirms the pure phase of the sample.  (B) Laue X-ray image confirms the high quality of 
the single crystal, showing hexagonal symmetry of the 𝑎𝑏 plane (central peak is [001]). 
 
 
 
 
 
 
 
 
Fig. S4. Low temperature fit of inverse susceptibility for powder sample.  Measured 
Curie-Weiss temperature of Θ	 ≈ 	−4	𝐾 demonstrates antiferromagnetic interactions. 
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Fig. S5. Magnetic susceptibility measurement techniques.  (A) Schematic of tunnel 
diode oscillator coil with sample inserted. Red, dashed lines indicate lab frame, while black 
coordinate axes refer to the sample frame.  Supposing the applied field is along z in the lab 
frame, 𝜃 is the angle the field makes with a reference lattice direction.  (B) Schematic of 
cantilever torque magnetometry – coordinate systems are as described in (A).   
 
 
 
 
 
 
 
Fig. S6. Diffuse neutron scattering for a series of fields. Intensity integrated (-0.5 < l < 
0.5), background subtracted and normalized data shows the first BZ for integer fields from 
0 to 5 T. The data was collected by rotating the crystal through 180° in 3° steps at 130 mK. 
Corresponding 20 K date was collected and subtracted as background, to isolate the 
magnetic response. The 6-fold rotation symmetry operations were applied to the data 
shown here in order to increase statistics as shown in Fig. 2 of the main text.  
A B 
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Fig. S7. 𝑺(𝑸,𝝎) along a high-symmetry path in reciprocal space.  𝑆(𝑸,𝜔) as a function 
of magnetic field, and different disorder conditions; for disorder free model at (A) H = 0, 
(B) 2.5 T, (C) 7.8 T and (D) 9.5 T; for the model with 𝑔-disorder of 𝜎A =1.2 at (E) H = 0, 
(F) 2.5 T, (G) 7.8 T and (H) 9.5 T; and for the model with 𝑔-disorder of 𝜎A = 1.2 at (I) H 
= 0, (J) 2.5 T, (K) 7.8 T and (L) 9.5 T. The high-symmetry path is shown in the insert of 
panel (A). 
 
 
 
 
 
Fig. S8. Magnetic field dependence of 𝑺(𝑸) for the disorder free model at 𝑻	 = 	𝟎. (A) 
H = 0, (B) 1 T (C) 2 T (D) 3 T, (E) 4 T and (F) 5 T. (G) shows 𝑆(𝑸) integrated along l 
direction and plotted along (h, h, 0) direction for different magnetic field values. 
A B 
C D 
E F 
G H 
I J 
K L 
A B C 
D E F 
G 
 
 
9 
 
 
 
 
Fig. S9. Magnetic field dependence of 𝑺(𝑸) for the disorder free model at T = 0.130 
K. (A) H = 0, (B) 1 T (C) 2 T (D) 3 T, (E) 4 T and (F) 5 T. (G) shows 𝑆(𝑸) integrated 
along l direction and plotted along (h, h, 0) direction for different magnetic field values.  
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